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FORTE satellite constraints on ultrahigh energy cosmic particle fluxes
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The FORTE(Fast On-orbit Recording of Transient Evergatellite records bursts of electromagnetic waves
arising from near the Earth’s surface in the radio frequeginyrange of 30 to 300 MHz with a dual polariza-
tion antenna. We investigate the possible rf signature of ultrahigh energy cosmic-ray particles in the form of
coherent Cherenkov radiation from cascades in ice. We calculate the sensitivity of the FORTE satellite to
ultrahigh energy neutrinUHE v) fluxes at different energies beyond the Greisen-Zatsepin-Kuzmin cutoff.
Some constraints on supersymmetry model parameters are also estimated due to the limits that FORTE sets on
the UHE neutralino flux. The FORTE database consists of over 4 million recorded events to date, including in
principle some events associated with UHE We search for candidate FORTE events in the period from
September 1997 to December 1999. The candidate production mechanism is via coherent VHF radiation from
a UHE v shower in the Greenland ice sheet. We demonstrate a high efficiency for selection against lightning
and anthropogenic backgrounds. A single candidate out of several thousand raw triggers survives all cuts, and
we set limits on the corresponding particle fluxes assuming this event represents our background level.
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[. INTRODUCTION surements which are sensitive to ultrahigh energy neutrinos
are of particular importance in understanding the ultimate
Detection and modeling of the highest energy cosmic raysimits of both particle acceleration in astrophysical zevatrons
and the neutrinos which are almost certain to accompanyaccelerators to~ZeV=10? eV and higher energigsand
them represents one of the most challenging problems abp-down decay of exotic forms of cosmic energy. Even at
modern physics. To date a couple of tens of cosmic ragnergies approaching the GUT scale, the Universe is still
events, presumably protons, have been observed with endargely transparent to neutrinos. Also, the combination of a
gies in excess of 8 eV. The origin of this flux represents a slowly increasing cross-section combined with the large en-
puzzle since above-5x 10 eV the cosmic ray flux is ex- ergy deposited per interaction makes such neutrino events
pected to be reduced due to the Greisen-Zatsepin-Kuzmimuch more detectable than at lower energies.
(GZK) [1,2] mechanism. The primary particles inevitably = The chief problem in UHE detection arises not from the
generate ultrahigh energy neutrindHE v») in cosmic beam character of the events, but from their extreme rarity. For
dumps. Weakly interacting neutrinos, unlike gamma photonsieutrinos with fluxes comparable to the extrapolated ultra-
or protons, can reach us from distant sources and therefotégh energy cosmic ray flux at #beV, a volumetric aper-
are a possible invaluable instrument of high-energy astroture of order 16 km® sr (water equivalentis necessary to
physics. begin to achieve useful sensitivity. Such large volumes ap-
Above ~10% eV, charged cosmic rays are no longer pear to exclude embedded detectors such as AMANBIA
magnetically confined to our Galaxy. This implies that par-or IceCube[4], which are effective at much lower neutrino
ticles above this energy detected at Earth are very likely t@nergies. Balloon-basg8] or space-basel®,7] systems ap-
be produced in extragalactic astrophysical sources. Furthepear to be the only viable approaches currently being imple-
more, the existence of particles up to, and possibly beyondnented.
the ~10'°° eV end point of the allowed energy spectrum for  The most promising new detection methods appear to be
propagation over cluster-scale distances suggests that theretlimse which exploit the coherent radio Cherenkov emission
no certain cutoff in the source energy spectra. In fact, we arfom neutrino-induced electromagnetic cascades, first pre-
unlikely to learn about the end point in the source energyicted in the 1960s by Askaryd®,9], and confirmed more
spectra via either charged particles or photons: the Universecently in a series of accelerator experiméits 11]. Above
is largely opaque to all such traditional messengers. several PeV (18 eV) of cascade energy, radio emission
There are no clear physics constraints on source energyom the Askaryan process dominates all other forms of sec-
spectra until one reaches grand-unified the@yJT) scale  ondary emission from a shower. At ZeV energies, the coher-
energies near f&eV where particle physics will dominate ent radio emission produces pulsed electric field strengths
the production mechanisms. If we assume that measurementsat are in principle detectable even from the lunar surface
at ~107% eV represent mainly extragalactic sources, ther{12,13.
there are virtually no bounds on the intervening three or four These predictions, combined the strong experimental sup-
decades of energy, except what can be derived indirectlport afforded by accelerator measurements, are the basis for
from upper limits at lower energies. For these reasons, meaur efforts to search existing radio-frequency data from the
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Fast On-orbit Recorder of Transient EveEORTE satel-

& f 1
lite for candidate ZeV neutrino events. Here we report the R|E(w)|=1.1¥ 10*715r$w$f— 5
first results of this search, based on analysis of several days eVTo 1+0.4(f/fy)
of satellite lifetime over the Greenland ice sheet. o (60971280 \/ Mz~ )

Il. DETECTOR CHARACTERISTICS whereRis the distance to the observation point in i€g,wer

The experiment described in this paper is based on deteéS the shower energy, assumed tobé& PeV,f is the elec-
tion of electromagnetic emission generated in the Greenlandomagnetic wave frequencly =500 MHz, §,=55.8° is the
ice sheet by the FORTE satellite. Cherenkov angle, and §=2.4°f,/f. _

The FORTE satellit§14] was launched on August 29,  The FORTE detector triggers whenever the amplitude of
1997 into a 70° inclination, nearly circular orbit at an alti- the electric field after a narrow-baitdi MHz) filter exceeds a
tude of 800 km(corresponding to a field of view of 27°  set threshold(in several channels Since |E(w)| varies
arc distance The satellite carries two broadband radio- Slowly enough in this band, the peak valuetobn the filter
frequency(rf) log-periodic dipole array antenndésPA) that ~ Output equal$E(w)|Af, whereAf andf=w/(2m) are cor-
are orthogonal to each other and are mounted on the sanfi@spondingly the bandwidth and the central frequency of the
boom pointing in the nadir direction. The antennas are contilter.
nected to two radio receivers of 22 MHz bandwidth and cen- For low frequencies the emission cone is broaklf
ter frequency tunable in the 20—300 MHz range. Beside rf~ radian) and the empirical formu(d) is not very accurate.
receivers, the satellite carries an Optical Lightning Systeminstead, we make an analytical estimate for emission in Ap-
(OLS) consisting of a charge-coupled devig@CD) imager ~ Ppendix A and get
and a fast broadband photometer. Although for this paper we

do not report analysis of optical data, in more detailed stud- RIE(w)|= ‘/ZW##OQLf sin 3e*(kl-)2(°059*1/n)2/2 2)
ies the optical instrument data can be used to correlate rf and
optical emission$15]. where k=2mnf/c and n=1.8 is the ice refraction coeffi-

_ The. satellite recordin.g system is triggered by a subset Qf %ient, andu=1. AtkL>1 this formula matches the empiri-
triggering subban.ds which are spaced at.2.5 MHz separations, formula (1) for L~1.5 m andQ=~(Exopell TEV)X 5.5
and are 1 MHz wide. The signal has to rise 14—20 dB above, 1 4-17 C, which agrees with the results of shower simula-

the noise to trigger. Typically, a trigger in 5 out of 8 sub- g iy Figs. 1, 2 in[18]. Equation(2) also matches the
bands is required. The triggering level and algorithm can be,  arical result for the radiation pattern at 10 MHEigs.

programmed from the ground station. Multiple channels ar 1, 12 in[18]) better than the empirical formuld) which
needed for triggering because of anthropogenic noise, su comes inaccurate at low frequencies.

as TV and FM radio stations and radars, which produce \te that we cannot use Eq9), (2) for electromagnetic

emission in narrowbands which can coincide with a triggerghowers started by particles of high eneraies because of sia-
subband. After the trigger, the rf data are digitized in a 12-bi y P gh energ d

o ificant elongation due to the Landau-Pomeranchuk-Migdal
Da;a Acquisition Systgn@DAS) at 50 Msamples/s, and the (LPM) effect[19-23. According to[23], the LPM effect is
typical record length is 0.4 ms. The FORTE database Conl'mportant for particle energiest>¢& py, Where &py

séists of [Sveigg;nt"”%] ever;)ts rleé:ggded in the period from_; 4 pey. According to Appendix B, for electromagnetic
e_%em er ithi ?c ?Ce".‘ er i : of~1.8[16] and showers with starting energ$> & py . the electric field at
e ice with its rf refraction coefficient of~1.8[16]and 0 oyact Cherenkov angle is still approximately given by

Cherenkov angle obc~55.8° and relatively low electro- Ed. (1), while the width of the Cherenkov cone is reduced to
magnetic wave losses in the radio frequency range is a goo

medium for exploiting the Askaryan effect for shower detec-
tion. The biggest contiguous ice volume on Ealttie Ant- 1
arctio) is unfortunately not available to the FORTE satellite V&1 EeV
because of its orbit inclination of 70°. The next biggest con-

tiguous ice volume is the Greenland ice sheet. Its area iﬁ/heref0=500 MHz. For this reason, pure electromagnetic
1.8x10° k’, and the depth is-3 km at the peak. How- showers(primarily from v, or Ve charged current interac

) A R R -
ever, the available depth is limited by rf 105443] to 1 km. tions) make a negligible contribution to the FORTE sensitiv-

Thus the volume of Greenland ice observed from orbit |s|ty because, as we will see, the energy threshotd ISEeV.

fo

AHLPM%0'9° T (3)

~1.8x 10° km®, \ . .
After the interaction with a nucleon, the UHE energy
goes into leptonic and hadronic parts. In the case of an elec-
IIl. CHERENKOV RADIO EMISSION FROM PARTICLE tron (anti)neutrino v¢(v,), the electron created in the

SHOWERS charged current interaction starts an electromagnetic shower,
We define the electric field pulse spectrum Bfw) which is however very elongated due to the LPM effect mak-

=2/ *E(t)e'“dt. An empirical formula forE(w) from an  ing it virtually undetectable. In the case of g, (v,) or
electromagnetic shower in ice was obtained by 2asl. v, (v,) the lepton does not start a shower. The muons and
[18]: tau leptons deposit their energy due to electromaghat¢
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and photonucledi25] interactions. However, the portions in P({N, B} TECf) o)
which the energy is deposited are not enough to be observed '
by FORTE. Also, the tau lepton may decay at a long distance =Cp(TECI{\, o1 p(f ce{N, ¢} (4)

from its creation point after its energy is reduced to
=<1 EeV(1G®eV). Thus, tau lepton decay is also unobserv-
able by FORTE. where{\, ¢} are the latitude and longitude of the source,

On the basis of these arguments, we only consider the(TEC|{\,¢}) and p(f“,ce|{)\,¢}) are conditional probabil-
neutrino-initiated hadronic shower, and we do not distinguishity distributions for the measured parameters given the loca-
betwe_en neutrin(_) flavors. Most of t_he hadronic energy contion of the source, an€ is a normalization constant. Here
verts in the end into electromagnetic, thus Cherenkov emisye assume that the measurements of parameters are indepen-
sion as a result of the Askaryan effect can be used for itgient, and thea priori distribution of the source location is
detection. Moreover, the LPM effect does not produce sigyniform in the field of view of the satellite.
nificant shower elongation, as shown by Alvarez-liuand To estimate TEC between the source and the satéitite
Zas[26], since most of them, particles which decay into iven |ocations of both we use the Chiu ionosphere model
photons instead of interacting have their energy reduced bT30], adapted to IDL from theoRTRAN source code found at
low the LPM level. Thus, the value &f~1.5 m used in Eq. ;5" NASA ionospheric models web site. This model gives
(2) does not change appremaply. This is in ac_cordance W'“@Iectron density as a function of altitude for given geo-
results of Monte Carlo calculations {26], showing that thg graphic and geomagnetic coordinates, time of year, time of
Cherenkov cone narrows by onk¢30% when hadronic . N :

day and sunspot number. By integrating it over altitudes, we

shower energy ranges from 1 TeV to 10 EeV. : ; . ;
The hadronic shower energy which should be used in qu.md the vertical TEC. To convert it to TEC along the line-

(1) or Eq.(2) is & —yE,, whereé, is the neutrino en- of-sight, we must divide it by the cosine of the angle with the
oray, andS/ e ?p;véiiron on’energy gt)ing into the hadronic vertical. Due to the _curvatu_re of the Earth, this angle is_not
shower. The theoretical value for UHEis (y)~0.2[27]. constant along the line-of-sight, and we make an approxima-
Because the long wavelength observed by FORTHEION of taking this angle at the point where the line-of-sight
(~6 m in ice is far greater than the Mdlie (transversp  Intersects the maximum of the ionosphefe-layen, at an
radius of the showers involved<(11.5 cm), the transverse altitude of ~300 km. The Chiu model, due to simplifying
structure of the shower(expressed by the factofl ~ a@ssumptions, does not account for stochastic day-to-day vari-
+0.4(f/f9)2]" L in Eq. (1)) is neglected in our analysis. The ability of the vertical electron content. The standard devia-
same argument applies to transverse nonuniformities of hadlon can be as large as 20-259% from the monthly average
ronic showers. conditions [31] [p. 10-93. Thus, we assume a Gaussian
probability distribution forp(TEC|{\,¢}) with the center
value calculated using the Chiu model and a variance of

0,
IV. SEARCH FOR RELEVANT SIGNALS IN THE FORTE 25%. L . . . .
The geomagnetic field is estimated from a simple dipole
DATABASE .
model [31] [pp. 4-3 and 4-2b The error is assumed to be
A. Geographic location of FORTE events 10% according to the estimates for experimental determina-

The geographic location of the signal source can be delion Of fj ce from the rf waveform, in Fig. 6 of29]. How-

termined using the dispersion of the short electromagneti€VE" this uncertainty can be greater for signals that are only
pulse in the HF range going through the ionosphere. de)ar_tlally linearly polanzed: Again, we use a Gaussian distri-
important parameters used in geolocation of the source caption forp(f) cel{\, ¢}) with a corresponding central value
be determined from the data from a single FORTE antenna"d the standard deviation of 10%.
The first parameter is the total electron cont€rEC) along
the line-of-sight between the source and the satellite. It is
proportional to the group time delay, which h&s? fre-
quency dependencg8]. The second parameter is deter- The pulse generated by a UHE shower in ice is ex-
mined from the Faraday rotation of a linearly polarized sig-pected to be highly polarized and essentially band-limited up
nal [29], due to birefringence in magnetoactive ionosphericto a few GHz. In these aspects, it is similar to the electro-
plasma. The Faraday rotation frequency turns out to be equahagnetic emission from the “steps” in a stepped-leader
to the “parallel” electron gyrofrequencyf ..=€eB;/m,  lightning [32]. However, the pulses corresponding to light-
=f..C0sH, where @ is the angle between the geomagneticning steps are accompanied by similar neighbors before and
field B and the ray trajectory at the intersection with theafter, within a time interval from a fraction of a ms to
ionosphere. Both frequency-dependent delay and frequency 0.5 s. The signal grouping can thus be used to distinguish
splitting due to Faraday rotation are well seen in Figll UHE » signatures from most lightning events. Also, the
The Cherenkov radio emission is expected to be completellightning activity must be present, which is extremely rare in
band-limited and linearly polarized, which enables us toareas of the Earth covered by ice, and thus can be excluded
make use of the second parameter for geographic locationusing the method described in Sec. IV A.

We calculate the probability distribution of the source lo-  There is a special type of intracloud lightning which pro-
cation using the Bayesian formula, duces isolated events which are called compact intracloud

B. Background rejection
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log10((V/m)*2/MHz)

Frequency, MHz

FIG. 1. (Color) Examples of
events with probable source loca-
tion in Greenland, detected by
FORTE. The confidence levels of
67% and 90% for event location,
which are determined using Eq.
(4), are shown in the maps on the
left panels. The horizontal lines in
the spectrogramson the right
panel$ are due to anthropogenic
noise (radio communications (a)

A highly polarized impulsive
event. The spectrogram shows the
dispersion of the pulse in the iono-
sphere and splitting due to Fara-
day rotation in geomagnetic field.
(b) A TIPP (pulse paiy event.(c)

An event that cannot be generated
by a neutrino due to its long dura-
tion (=10 us).

Frequency, MHz

i
m%sh f

MHz

Frequency,

200 400 600 800
Time, microsec

discharges(CID) [33]. However, these events are usually cannot distinguish between them.
randomly polarized and have severed- pulse durations The typical natural background noise level in FORTE data
[32]. is ~10"12-10 1 (V/m)?/MHz (as can be seen, e.g., from
Another rejection method uses the fact that the |ightnin$pectrograms in this paper’s figuresn a typical 1-MHz
discharges occur above ground, and therefore there is a largegger subband this corresponds to a RMS value of
probability for FORTE to detect also the signal reflectedy _3 ,,v/m. The trigger level is set 14—20 dB above the
from the ground. This phenomenon is known as Transqgise giving the ability to trigger on impulsive signals with
lonospheric Pulse PaifJIPPg [34-36. The_p.r_esence of 2 frequency domain values of 5-30V/m in each 1 MHz
second pulse, therefore, excludes the possibility of the signg}jgger subband. For flux limit calculations in this section, we
to be a UHEw signature. An example of a TIPP event in <o the threshold value of Vm IMHz ! at f

FORTE data is shown in Fig.(1). =38 MHz, the central frequency of the low FORTE band.

V. FORTE SATELLITE SENSITIVITY TO NEUTRINO
FLUX A. Relation between FORTE sensitivity and the limits on UHE

In this section, we estimate the upper limit of the differ- v flux

ential flux of UHE v (all flavory depending on the number Let N(&) be the theoretical number of triggers of the
of triggers on the relevant events in the satellite lifetime. TheFORTE satellite in its full lifetime assuming a unit monoen-
limits are set on the sum of all flavors since this experimenergetic neutrino flux for different energi€s We will call this
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function the sensitivity of the FORTE satellite to UHE& side view
flux. Then the expected number of triggers is

S:f NED(EAE

where ® (&) is the differential neutrino fluxXper unit area,
time and solid angle The number of detected events is a
Poisson distributed random number with expectasiolfi no
events are detectddull resuld) we can set a limit ors.

sss,= —loga

where 1- « is the confidence level. For a 90% confidence
level, for example, we have

ram
In general, fom events, the limiting value of is determined direction
from

a=Q(n+1s,) 6) directions

where Q(n+ 1,sup)=(f;cupx”e’xdx)/(f°0°x”efxdx) is the
regularized incomplete gamma function. For example, at a
confidence level of 90% and=1 we gets,~ 3.89.

From the limit set on integrated flugg) one can try to
construct a limit on a differential flux. However, such a limit FIG. 2. Configuration for sensitivity calculations.
can be evaded for differential flux models that are anoma-
lous, for example, if there are very narrow emission lines inThe lifetime of FORTET is from September 1997 to Decem-
the spectrum. Nevertheless, for reasonable assumptions suleer 1999. The time when the emission from the Greenland
as a smooth and continuous model spectrum, the implieite sheet is visible by the satellite can be estimated by cal-
limits are model-independent. As shown in Appendix C, ifculating the total time spent by FORTE inside a circle of
we assume that the spectrum is sufficiently smooth, i.e. doemdius 20° arc distance from the approximate geographic
not have any sharp peakihie peaks have widths at least of center of Greenland, at 70°N, 40°W. This time is estimated
the order of the central energy of a pgatken we can assert to be ~38 days. The duty cycl® is estimated to be 6% by
that calculating the run time fraction within this circle, making
the effective time of observatiorr 3 days.

The specific aperturR is a function of the position of the
neutrino-generated shower which is given by the arc distance
to the shower locatiords and its azimuthal angle, (see
Since this limit does not assume any particular mg¢eetept  Fig. 2). Note that the visible ared g, depends on the
that it is sufficiently smooth we will define it as the model- satellite location. Averaging over time in our calculations is

D(E)= P 7
()~m- (7)

independent limit. replaced by averaging over satellite position over the Earth’s
surface with a weight corresponding to the fraction of time
B. Sensitivity calculation the satellite spends in a given point of the globe.

To calculate the specific apertuR® we must calculate

The sensitivityh (,), which was introduced in the previ- many neutrinos interact in ice, depending on enéigy
ous subsection, is calculated using the specific apeRure dip angleay, (the angle ofy velocity below the horizon at

which we define as the.trigg.er rate for unit mgnoenerg(_atic[he interaction pointand the depth of interaction We use
neutrino flux when neutrinos interact under a unit area of iC€he theoretical neutrino-nucleon interaction cross-section

The specific aperturR is integrated over the visible ice area - ;
averaged overptimémany satgellite passgand multiplied by 7n(&)) [37]' Thg neutrino flux ffom below is greatly re-
the entire satellite lifetime in orbiT (while the two radio  CuCed BY Interactions in the Earth's volume, and most detect-
; . ; able interactions are from horizontal and down-going events.
réceivers Of. a 22 MHz band were 'rT orfiend the fraction Here we have to note that this statement does not apply to
of time in trigger mode(duty cyclg D: neutralino interactions since neutralino-nucleon interaction
cross-sectionr,y can be much smaller than neutrino cross-
NE)= DT< f R(6s,¢4:E,)dA . section at a similar enerd38].
Avisible time The number of interactions in ice is characterized by
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(@) PeakE, pv m'MHZ'for E, = 2x10%eV (D) Peak E, nV m"MHz Yor E = 2x10%eV
=100 m ;& =0' 2=100 M ; o =20

FIG. 3. The peak electric field at the satellite altituBg,, emitted in a Cherenkov process by a hadronic shower of energy 2
X 1072 eV. These plots do not include the antenna response. The shower is in the center of the circle, and is directed to the right. Emission
is shown for interaction at depth=100 m and dip angles dB) aq,=0° and(b) aq,=20°. The dashed circles represent the arc distance
in degrees (12111 km on the Earth’s surfage

function F(Q,z;£,) defined in the following way: R(6,, by E )_f F(Q,zE,)
s PaCv) i

DF(Q,2E,)dQdV= N, n(E,)dDdV. E,
t

X 1‘Fy< Ead €000 00, 60)

Jo

Here )= (agjp, ¢s) is the neutrino velocity directiortsee

Fig. 2, zis the interaction deptt,,. is the nucleon number where Fy(y)=[§p(y')dy’ is the cumulative distribution

density andd® =®e™"d() is the flux in solid angle element function ofy.

dQ) =sinaydag,d¢s attenuated by neutrino absorption ina  Given a neutrino interacting at dip angig;, and deptte

layer of optical thickness(agjp,z) = [ Npyo,ndl. in ice, we can calculate the field detected at the satellite.
The specific apertur® is found using the fraction of in-  First, the emitted field is given by Cherenkov emission for-

teracting neutrinos which produce fielitl . Ey, at the sat- mula(2). Then the field is attenuated in ice, refracted at the

ellite antennas: ice surface and detected at the satellite taking into account
the directional antenna response. In the subsections of Ap-
R(fs,b.:E,) pendix D, we give the details of calculations for these steps.

y 1

In Fig. 3, we show the peak electric field at the satellite
1 altitude (800 km) at the central frequency of the low FORTE
:f F(Q’Z;gv)( fo O[EanlyE, 2,05, ba) ~Eml band =38 MHz). As we see, even for a dip angle of 20°
there is a significant emission upward from the shower due
to the width of the Cherenkov cone. Although the field plot-
ted in Fig. 3 does not include the antenna response, the plots
can give some idea about where the satellite has to be to see

, . , the signal at a given threshold, the typical value of the
where O is the step function, an@(y) = (1/o)(do/dy) is  threshold being 3Q.V m~* MHz .
the probability distribution function for the kinematic param-

etery=_&,.4/E,, the fraction of energy going into the had- VI. RESULTS
ronic shower. Thep(y) dependence is taken frop27] for
the highest energy considered in that pager 10'2 GeV.
SinceE (YE, ,Q,0,02) =YEdE,,Q,05,0,), we can in- We searched for events recorded while FORTE was inside
tegrate ovely immediately and get a circle of radius of 20° with a center at 70°N, 40°W, in

xp(y)dy)dez

A. Event search results
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log10((V/m)»2/MHz)

I}
N-‘-“ﬁlﬁlinﬁ‘ﬁhﬂm‘#,‘MH‘*“‘W‘#WH"MW“IMH
' * Ao b ey ek v b

d ad ' i ' s

g.:sf»w bﬁ\e-lhu ov:a-nln»;%mliﬂ-o-;."n’tm N
| o FIG. 4. (Color) Events that
e —9.4 need further consideration for be-
-9.9 ing rejected as neutrino-generated.
10.5 The figure shows confidence lev-

els of 67% and 90% for geo-
) graphic location(left panels and
kil B e B spectrograms of example events
A, — 21 (right panely. Short horizontal
streaks in the spectrograms are

7.2 due to anthropogenic noige ra-
-7.7 dan. (a) An event whose nearest
8.2 neighbor events were found at

—14 ms and +0.7 ms, which
makes it a probable lightning
event.(b) An event whose nearest
neighbors were found at 0.27 s
-10.5 and +5.55 s.

Frequency, MHz

i
i il g .mmwumtmhm‘q}mwim L
\ 1 |

§ {1 LI b
TR R

me, microsec

time period from the start of FORTE in September 1997 to4(b) indistinguishable from an isolated lightning discharge.
December 1999, when both 22-MHz-bandwidth receiversThe analysis of this event continues.

were lost[39]. We estimate that the satellite spent a total of

38 days inside this circle, with at least6% of it being the B. Flux limits set by FORTE

time in trigger mode. We found a total of 2523 events. From _ .

these, only 77 are highly polarized. These 77 events can be N Table I we give the calculated FORTE neutrino flux
geolocated using both parameters described in Sec. IV A. giensitivity values\(£,). On the basis of these values one
these, only 16 events have intersection of the 90% confican set a limit on any model flus(&,) using numerical
dence level with Greenland’s ice sheet. Out of the remainingntegration in Eq(5), with s,,=3.89 since we have one un-
16 events, 11 are rejected for being TIPP events, i.e. pulseertain event as our background noise. In Fig. 5 we plot the
pairs with ground reflections that indicate that the origin lo-model-independent flux limits set by E) on the basis of
cations are above ground. An example of a rejected TIPEhese dat@again withs,,=3.89). In the same figure we also
event is shown in Fig. (b). Two more events were rejected show the comparison of calculated flux limits with predicted
because of the presence of a precursor before the pulseeutrino fluxes from various sources. Some of the sources of
which is characteristic of certain types of lightnipg0] and  super-GZK neutrinos are reviewed, e.g.[#1]. As we see,
cannot be present in a neutrino shower signal. An example ahe flux limits set by FORTE observations of the Greenland

such an event is shown in Fig(al. ice sheet can reject some regions of parameters of the Z burst
Out of the remaining three events, ofghown in Fig. model[42-47.
1(c)] is rejected for its long duration=10 us), since the Note that differential fluxes in some models can be even

Cherenkov pulse is expected to be orlit ns long(the time  smoother and wider in energies than assumed for derivation
resolution of the FORTE detector limits thisto20 ns). The of Eq. (7). Figure 6 shows what would be the limits on a
remaining two events are shown in Figgadand 4b). The class of models with power-law energy dependence of the
first of them has close neighbor everiet —1.4 ms and flux, ®(&£)«<&~“. Asimilar analysis using power-law models
+0.7 ms), which makes it a probable part of a steppedwas performed in the past, e.g., for the RICE detef36i.
leader process in a lightning event. The neighbors of the As another result of the present research, we set limits on
second event are not very clo& —0.27 s and+5.55 s),  the flux of neutralinos, weakly interacting particles predicted
but it still can be a lightning event. The recent analysis by theby the minimal supersymmetric standard mod&ISSM).
FORTE team[32] has shown that the lightning events are The calculations are performed in the same way as for setting
likely to have neighbors in & 0.5 s interval, with the most the neutrino flux limits with a few differences. First, the
probable separation of0.01 s, and the accidental coinci- cross-section for nucleon interaction, is different, and is
dence rate is~0.9 per second. This value of the accidentalexpected to be in the range from(1/100)r,\ t0 ~o N
coincidence rate makes the candidate event shown in Fi¢38]. Second, all of the energy goes into the hadronic shower.

013008-7



LEHTINEN et al. PHYSICAL REVIEW D 69, 013008 (2004

TABLE |. The FORTE sensitivity (£)(cn? s sr) to neutrino fluxany neutrino flavorand neutralino

flux (for different neutralino-nucleon cross-sectipns

log; & N(E) N(EY) N(EY) N(EY)

(GeV) TN 0.10 0.010
13.0 8.0x 10%? 2.1x 10" 2.6x 1018 4.1x 10
135 5.4< 10* 5.6x 101 6.6x 1014 7.9x 1018
14.0 5.3< 101 3.2x 10 3.8x10% 4.3x 104
145 2.4 10 9.7x 10 1.2x 10 1.3x10%
15.0 7.1x 10 2.2x 10" 2.8x 101 3.0x 10
15.5 1.7x 10V 4.1x 10 5.6X 101 6.1x 101
16.0 3.4 10Y 6.9x 10" 1.0x 10" 1.1x 10
16.5 6.0< 10V 1.0x 108 1.7x 10" 1.9x 10
17.0 9.5< 10Y 1.4x 108 2.6x 10" 3.0x 10

The results are presented also in Table I. In Fig. 7, we comx 10% eV, which is also considered [88], we are unable to

pare the predicted neutralino flux¢s8] with the model-  set any limits since all decay products are below the FORTE

independent flux limits set by FORTE. We see that forthreshold.

neutralino-nucleon cross-sections in the range,y In Table II, we apply the more robust model-dependent

=0.10,y, strong limits are set on the model predicting neu-jimit to these models to get the confidence level of rejection

tralino flux from decay of heavy particles withMy=2  according to Eq(6), for n=1 (one uncertain eventWe vary

X 107 eV, especially if the sources are homogeneously discross-sectionr, and take different decay scenarios axd

tributed. Note that for a case of a different mabby=2  distributions. As one can see from this table, several models
are rejected with very high confidence.

=2 N VII. DISCUSSION
i GLUE l | o o
i ] The limits shown in Figs. 5 and 7 represent to our knowl-
. i b | edge the first direct experimental limits on the fluxes of neu-

. | trinos and other weakly interacting particles in this energy
i / range. The fact that the first such limits already have con-
— ‘ i strained several proposed models is an indication of the

Z bursts _]

log[E2 dN/dE] (GeV cm=2 s-! sr-1)

model independent
FORTE Ilimit

5 10 15
log[neutrino energy] (GeV)

T T T T T T

FIG. 5. (Color online The estimated limits on UHR flux de-
tectable by FORTE using the Greenland ice sheet. The limit is com-
pared to predicted neutrino fluxes from various sources: GRB:
gamma ray burst$48]; AGN: active galactic nucle[49]; GZK:
neutrinos produced in GZK mechanism from cosmic f@@; TD:
topological defect modeinon-SUSY [51]; Z burst models are the -7

power law
limits

log[E2 dN/dE] (GeV cm-2 s-! sr-')

slanted box by44], the diamonds showing thesllevel errors are
by [47,52], and the arrow is by45], default value of parameters.
The limits from other experiments are also shown: AMAN[BS],

[T 1 1 1T

13

14 15 16
log[neutrino energy] (GeV)

RICE [54] [determined using Eq7) from the effective volume and
time of observatioh GLUE [12,13. The limits from all experi- FIG. 6. (Color online Upper curve: the differential flux limit of
ments show the limits on the combined flux of neutrinos of all Eq. (7); lower set of lines: the limits set by EqC1) assuming
flavors (assumed mixed in equal amountexcept AMANDA  power law flux shape (&;a)=E ~“ for « in the interval from 1.6
which is only sensitive to/,, (v,,). to 6.0 with a step of 0.4.
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but we note that it is probably not important below
. ~10°* eV [10]. Above this energy we expect that the shower
radiation pattern might spread to some degree, depending on
the foreshortening of the cascade length due to radiation re-
action deceleration.

We have noted that our limits extend into the mass scale
- for GUT particles. However, it is important to note that the
center-of-momentum energies for interactions of these neu-
trinos on any other standard particles are of order 10 PeV or
less. Our results thus depend on<@ order of magnitude
extrapolation of the standard model neutrino cross sections
from the current highest energy estimate from accelerators at
~30 TeV [56-58, over an energy regime where the cross
sections grow only logarithmically with energy. For this rea-
son we do not expect that the energy scale itself is good
cause to doubt the values for the flux limits.

At 10 PeV center-of-momentum energies, interactions of

log[E2 dN/dE] (GeV cm-2 s-! sr-')

2]
AR VI

12 13 14 15 16 17 the primary neutrinos will exceed in CM energy those of any
log[neutralino energy] (GeV) observed ultrahigh energy cosmic rays, and could therefore
) o ) lead to production of new heavy particles in the showers
FIG. 7. (Color onling The limits on neutralino fluxes set by hemselves. Such interactions could include channels in

A FEEEEN BELN T TR R

FORTE observations of the Greenland ice sheet, for one detect
event and different assumptions about neutralino-nucleon cro
sections. Shown also are predicted neutralino fly8&$ for decay

szf_ahich most of the energy goes into an unobservable particle,
or a particle with interactions much weaker than neutrinos.
of superheavy particles &fl  =2x 10?® eV. The lower four curves In the_ absence of any specific proposals fof models and in-
are for X decays in the halo of the Galaxy, with the primary decayt_erf_icuons’ we can only note that such behavior can evad_e our
into (1) quark+antiquark(solid); (2) quark+squark(dot-dash; (3) Ilmlt, put could lead to pthgr qbservable secondary paruqles
SU(2) doublet leptor slepton(dots; (4) 5 quarkr5 squark(short ~ With different angular distributions that we have not consid-

dashes The upper curvélong dasheksis for homogeneouX dis- ~ €€d. _ _
tribution (in which case the flux is enhanced by a factor of 15  Since the FORTE threshold for detection of weakly inter-

compared to a “galactic” distribution decay scenario 3. See also acting particles {-10% eV) is higher than the GZK limit
Table II. (~5%x 10 eV), it sets the limits on neutrinos producing
super-GZK cosmic rays through resonant interaction with
power of the radio detection techniques, but the scarcity obackground neutrinos withirr 50 Mpc distance from us, the
other limits in this regime also suggests that they be accepted burst mechanisrf42—47. Although FORTE sets limits on
with caution. Here we discuss briefly some of the potentiaparameters of Z burst models, the uncertainties in the models
issues with these constraints. and the measured super-GZK cosmic ray flux still make most
At the energies to which FORTE is sensitive, the energyZ burst scenarios consistent with FORTE data.
of the pulsed coherent radio emission can become one of the The strong FORTE constraints on the neutralino produc-
dominant energy-loss mechanisms for the shower. This imtion model[38] from heavyX particles set a joint limit ori)
plies that the radiation reaction of the shower to the pulseX particle distribution and massij) X particle decay chan-
could lead to modification of the shower development, anchels, and(iii) neutralino-nucleon cross-section. Since some
consequently some change in the radiation parameters. W the X particle decay scenariggt the mass  107° eV)
have not attempted to correct for this effect in our analysisare strongly rejected, as shown in Fig. 7 and Table I, this can

TABLE Il. The confidence levels for rejecting the models of neutralino production by h¥aarticle
decay withM,=2x10?° eV [38]. We only show models with the rejection confidence levd@0%. The
scenarios oX decay are the same as in Fig. 7. The variablis defined as + C.L.

oo decay scenario X distribution expected number a C.L.
of triggers
1 1 homogeneous 8.2927 2.32630° 99.7674%
1 2 homogeneous 14.0678 1.132080 ° 99.9988%
1 3 halo 6.7491 9.0812410°3 99.0919%
1 3 homogeneous 101.2365 1.10440 42 100%
1 4 homogeneous 11.6834 1.06980 4 99.9893%
0.1 2 homogeneous 1.8251 455401 54.4602%
0.1 3 homogeneous 13.6869 1.6%0m0 ° 99.9983%
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give an insight into the possible nature of such particles and kR 1o _

the physics at supersymmetric grand-unification scale. Al- AZ(R’“’):W”LOZW_RJ q(z)e2keostmwlo)gz
though Ref[38] does not consider models with masses in- -

termediate between>210%! and 2x 10?° eV, we expect that _ .

FORTE's sensitivity, which extends an order of magnitude ofVhere# is the emission angle.

more below the region where the model at 20?° is con- The magnetic induction i8=VXA. In the far zoneB
strained, will also limit neutralinos of masses down to=|B|=KkAsin6é and the electric field is E=cB/n

~10?* eV, particularly if the cross sections approaely, . =wAsind. _ _ _
Let us consider a Gaussian shower profitgz)
219 2 . . .
VIIl. CONCLUSIONS =Qe #™° whereQ is the maximum attained charge ex-

cess and is the characteristic shower length. Then
We have performed a search for radio frequency signa-
tures of ultrahigh energy neutrinos originating from coherent

T ) . L
Cherenkov emission from cascades in the Greenland ice R|E(m)|:Msin9e*(k'-)2(0059*1’“)2’2_
sheet, observed with the FORTE satellite over-a@ year V2

period. In~3 days of net exposure, a single candidate, pre-
sumed to be background, survives the analysis, and we set \ppenp|x B: CHERENKOV EMISSION FROM LPM
the first experimental limits on neutrino fluxes in the SHOWERS

2 5 . . . . .
107?-1C° eV energy region. These limits constrain the avail-
able parameter space for the Z burst model. In addition we According to[23], LPM effect is important for particle
constrain several variations of a model which involves lightenergies€> & py, Where & py=61.5%, TeV, whereX, is
supersymmetric particlegeutralinos at these energies, par- the radiation length in cm. The radiation length in mass units
ticularly those with interaction cross-sections approachings 36.1 g/cmd in water, giving X,=39.1 cm in ice since

those of neutrinos. pice=0.924 gcm 3. Thus, £ py=2.4 PeV. The increased
radiation length for bremsstrahlung and the 4/3 of the mean
ACKNOWLEDGMENTS free path for pair production, according to the same paper,

i . are given approximately (within ~20%) by X py
This work was performed with support from the Los Ala- _ JEIE pXo, WhenEsE py. Let us model the UHE elec-

mos National Laboratory's Laboratory Directed Research,omagnetic shower as the initial particle gradually losing its
and Development program, under the auspices of the U”'tegnergy, which goes into production of usual “small” NKG

States Department of Energy. P.G. is supported in part by, wvers each having an initial energy &fy. Using this
DOE OJI grant No. DE-FG 03-94ER40833. information, we can write the energy loss equation,

APPENDIX A: CHERENKOV EMISSION FROM 4e <
ELECTROMAGNETIC SHOWERS e = 8w at E>Epy

dt el py

Let us model the shower as a point charge moving with

the speed ofAI|ght. Then the current is 'g|ven b)(r,t). wheret=12/X, is the thickness in radiation lengths. Solving
=cq(2)6(r—czt) andJ,=J,=0. The Fourier transform is  thjs equation, we find the number of showers per unit length
with starting energy, pm

J(r )= 2f Je'etdt=2q(z) 8(x) 8(y)e' “Z¢

1 d¢&
[the factor of 2 is for consistency with our definition of Perl2) ELpm Xodt
E(w)]. The frequency-domain vector potential satisfies 1 _
the Helmholtz equatiolV?A,+k?A= —uued, and A=A, - _(tLPM_ _'> for t,<t<t,+2t,py
=0, wherek=nw/c andn=/eu. Its solution at the obser- Xo 2
vation pointR is (B1)

A (R): f kR J (r)d3r WheretLpM:XLpM,()/XO:\lgolngM, andti iS the depth Of
z Kho | 4 ri™? the first interaction which can be takém=t, py. The num-
ber of particles in each “small” subshower can be described
whereR’ =|R—r|. In the Fraunhofer zone, the standard ap-approximately as
proximation is

Nsm( Z) = Nmax,LPNe_ (2~ Zmad L

kR kR
~ e—l(k-l’).
47R’ 47R whereL=1.5 m as established in Sec. lll azg,, is the
location of the maximum. The maximum number of particles
Thus, is given by[59] [p. 23].
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E_=1.000000e+18 eV E =1.000000e+19 eV =
< 10° o < 10° 0 (10 Eo=1:000000e+20 eV
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FIG. 8. Results of Monte Carlo simulation compared to simple analytical model presented here.

Nax=3N ! £ RIE(®)|max=1.4x10"7 bo iVMHz’l
max> 9Ne max™ log(/<,) &, max: = 1 TeVfy

_ - - which is approximately the same as before. However, the
where&,= (610 MeV)/(Z-+1.24) is the critical energ}60], width of the Cherenkov angle at high energies is determined

VXh'Ch for water (Z>:7'2_2) s equal to 72.1 MeV. AE by the extended length of the shower. We can define it as the
=& pm» We haveN ., pvi= 8% 10P. We assumed that there le at which E| is reduced by a factor of~, which
are equal numbers of electrons, positrons and photons. T@eggurs a\tNaI—pX ! Nzu We );pproximatep—li[(\;\:)sl(a
; ; is Qi . ~PALPm 0T 4 - c
total number of particles in the shower is given by a convo 1+ A6)—1n]~(2mfn/c)sing,A6 and get the cone width due

lution, to the LPM effect to be

N(z)=fp (z')Ngp(z—2")dZ'. 1 f
sm sm A@LPM~0.9°——O

V&1 EeV f
See the comparison of this approximate theory and the
results of Monte Carlo calculations using the programwheref,=500 MHz.
LPMSHOWER|[61] in Fig. 8.
The charge excedd8] is estimated to be APPENDIX C: MODEL-INDEPENDENT LIMIT
ON DIFFERENTIAL FLUX
Ne-—Ng+
—=~0.2. As we mentioned in Sec. V, from a single equat{hone
Ne-+Ne+ cannot set in general a model-independent limit on a differ-
_ . ential flux ®(&). However, after a certain assumption of
-I;Sutig(v%; Oa'lgizf_)r':\(/z)wvéhﬁ;igqls t:g g>l<e ;g? {]7 ghaatﬁe. smoothness of functio® (&) it can be dong62]. Let us first
' ' max ' consider amodel-dependeriimit on differential flux ® (&)
most the result of Sec. Il of 55610 " C. f . o ) :
i ) ~ . rom a single conditior{5) assuming tha® (£) has a certain
Let us take its Fourier transformN(p)=/N(z)e""""dz.  fynctional form. Usually, it is assumed that(E)
We use the fact that the Fourier transform of a convolution is_ ®,K(&;P) whereK is a functional shape determined by a
just the product of Fourier transforms. The needed Fouriegg; of parameterB. Then from Eq.(5) it follows that
transforms are

S
;Sm(p)zeiipxo(tLPM+ti) (DOS -
. R f)\(g)K(S;P)dE
, (Sina i|sina
Xtipml —— . T—COSa
or
wherea=pX , and

a=PA.pmo D)= supK(ﬁ;P) o
X — o iPZm ol e (P22 =max

Nsm(z) e ameax,LPM 2mlLe . P fA(E')K(E’,P)dE'

For our purposes, the exact absolute phase is not important.
The electric field is It turns out that this equation is valid even wh@{¢) is a

linear combination of functionk (&;P):
RIE(w)|= muoq(k[cosd—1/n])f sing.
At p=0 (i.e., Cherenkov anglewe get the maximum value cp(g):f Po(P)K(&:P)dP.
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We can prove it assuming the opposite. If E{ 2n cosi

D (E)JN(ENK(E;PYE >, K(&;P) for all P, then E| ncosr+cosi

f D(EHNENHAE wherei andr are the angles of incidendéom below) and
refraction, correspondingly, related by Snell's lawsini
=cosr; E andE’ are the incidentbelow the surfaceand

:j ‘Do(P)( f ANEHK(E;P)AE |dP refracted(above the surfageelectric field componentsE
andE are the components perpendicular and parallel to the
plane of incidence.

f Po(PIK(EP)AP However, we also need to know how the waves diverge to

= Sup (&) = Sup (C2)  be able to use the expression RIE|. Let R be the distance
from the source to the point at which refraction occurs. If we
which contradicts our initial assumptidB). look from above the surface, the waves diverge in such a

Although in this paper we will not use any concrete func-way that they look like they are coming from distané
tionsK(&;P), we get a simple formuléz) from Eq.(C1) by  below the surface. Then at the satellite, the field is deter-
assuming thak (&;P)=K(&; &) is a curve of width ol=§,  mined by relationEg,Rss=E'R’, whereRg,>R,R’ is the
centered aE, and normalized so thdtk (£;&,)dE=1. Then distance to the satellite. The inequality is well justified since
ma&OK(g;gO) is achieved afy~& and is< 1/, and if\ (&) the shower occurs at a depthl km in ice, while the satel-
is smooth enough, /\(E')K(E:E)dE~N(E), and is lite altitude is 800 km. To findR’, consider an area element

~\(€) when the expression on the right-hand side of EqdA of the surface. Then

(C1) is maximized. So we estimate . R2dO) B R'2d0)’
~ cosi  cosr

D)= &SE"S).
whered() is the solid angle element at whiahA is seen

Thus, we have shown that a certain region of differentiafrom the source point and(}" gives the divergence of rays
fluxes can be rejected on the assumption that they are suffgmanating fromdA above the surface. These solid angle

ciently smooth functions of energy. elements ard() =sinidid¢ andd()’ = sinrdrd¢, whereg is
the azimuthal angle. Obtainindi/dr from Snell’s law, we
APPENDIX D: ELECTRIC FIELD AT THE SATELLITE finally get
1. Transmission through ice cosr
I —
The Greenland ice sheet at depth4000 m has tempera- ncosi’

tures from—25° C to—20° C[17] [pp. 23—24. The attenu- - _
ation in ice at frequenc§=35 MHz at these temperatures is Thus, the modified Fresnel relations are
given by[16] and is~1 dB/100 m.

RsaFsatt _ 2 cosr
2. Refraction RE, n cosi + cosr
First, let us find the refraction angte Consider a satellite
J RsaEsatH - 2 cosr

at altitudehg,, and the particle shower occurring at arc dis-
tance 65 from the satellite position. Since the depth of the
shower is small compared to the satellite altitude, we can
assume that refraction also occurs at arc distaice 3. Polarization and emission angles

The distance from the satellite to the refraction point is
found using the cosine theorem

RE,  ncosr+cosi’

Although E is given by Eq.(1), we need components,
andE| to describe the refraction. Consider a particle shower
_ /P2 2 whose direction is described by a dip angle below horizon
Reat= VR + (Ra +hsa” ~ 2Ro (R + heay cOSH agip and azimuthal anglén resp)(/act toRche girection toward
whereR,, is the Earth’s radius. The nadir angdbeis found  satellite, calculated clockwigeps (see Fig. 2 Introduce a
from sinb=R,sin6,/Ry,. The refraction angler can be coordinate system such that thexis is vertical upward and
found fromR, sinr=(R,,+hg,)sinb, and the incidence angle the x axis is horizontal in the direction Aof the satellite. Then
from Snell's law, siri=sinr/n. Sincei,r e[0,7/2], cosi,;r  the unit vector along the shower axisas-{cosay;CoSds,

TS —COSayg;pSin ¢, —SiNagipt. The unit vector in the direction

_ After the refraction at the ice surfack,changes accord- of emission isk={sini,0,cos}. The emission angléhetween

ing to the Fresnel formulaS3] [pp. 281-282 the shower axis and the emission direcjids found from
El  2ncosi cosf=a-k, so that

E, ncosi+cosr COSH= COSaipCOShsSINi — SiN a;,COSI
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sing=+/1—cog4. E,=Esinp
The polarization angle is the angle between the plane con- E|=Ecosp
taIAnmAg tlothg andAk gnd t.he &2) plane. Consideh=k so that the unit vectors in the directions Bf , E; and k
xallkxa|. Since|kxa|=siné, make a right-handed triad.
h= W{cosi COSa;pSiNn ¢, COSI COS i ,COS 4. Antenna response

The analysis is based on information contained 4.
+sini sinagip, — SiNi COSapSiN ¢} . The FORTE satellite has two antennas, A and B, perpendicu-
N .. lar to each other and the nadir direction. Antenna A is aligned
The polarization angle is the angle betweknand y=z  with the ram(forward direction. Consider a signal coming
X X. Thus, from azimuthal directiora, and at an angle with the nadir.
Let us choose a coordinate system so thatzlais is the
nadir, and the arrival direction is in the,@¢) plane. Then the

~ - 1
cosp=h-y=——(cosi cosay;, COS S .
P y ( aip COSPs antenna directions are given by

siné
+sini sinagp) A={cosa,—sina,0}

and the sine is found froh X y=Kksinp, i.e. Bz{sina,cosa,O}.

w The signal arrival direction constitutes angleg and ag

sinp= - . ] - !
siné with the antennas, which are given by

Under this convention, the angteis calculated in the CCW
direction, when viewed from the source of the wave.

We can choose the polarization angle so thatpces, i.e.
pel[—w/2,7/2], by adding to itw when co<0. Then we

get The electric field components parallel to the antennas are

cosa,=kA=—sinbcosa

cosag= kA= —sinbsina.

COSaipSin ¢ E,=E|cosbcosa—E, sina

sinp= Sing sgr(cosi cosf+ sin a i)
Eg=E|cosbsina+E, cosa.
cosp=\/1—sirfp

We use value& /sina, andEg/sinag, which are denoted
where the argument of the sign function has the same sign &s E, and E, in [64], as inputs for the antenna radiation

the previous expression for cps diagrams(which are also found if64]) to get the field re-
The electric field components are corded by the satellite.
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